This study focused on the identification of suitable lipase or esterase activity for enantiomeric resolution of (R,S)-naproxen. For an economically viable reaction the enantiomeric ratio (E) should preferably be >100, while maximising the conversion will reduce the mass of material that requires racemisation and recycling. Hence the aim was to find an enzyme that yields (S)-naproxen with an enantiomeric excess of more than 98%, a substrate conversion in excess of 40% of the racemate, and an E of >100. (R,S)-Naproxen ethyl ester (NEE) (50 mg) was used as substrate for enzyme hydrolysis reactions at 37 • C for 4 h. Biocatalyst screening was performed in buffered aqueous solvent on a 1 ml scale. The reactions were stopped with 2 ml MeCN, filtered through cotton wool and analysed by HPLC to determine the percentage m/m and R/S ratio.
Introduction
Hydrolytic enzymes are the most commonly used biocatalysts in organic synthesis. Two of the most useful hydrolase enzymes are esterases and lipases, which catalyse the hydrolysis and formation of carboxylic ester bonds. In recent years hydrolytic enzymes have been widely applied to the kinetic resolution of racemic acids and alcohols. Both esterases and lipases have been used to catalyse synthetically useful reactions: ester hydrolysis, esterification (alcohol and acid), transesterification (alcohol and ester), intraesterification (ester and acid) and transfer of acyl groups from esters to other nucleophiles such as amines, thiols, and hydroperoxide [1] . These reactions often proceed stereoselectively in aqueous, aqueous-organic or organic solvents. In particular, the enzymatic enantioselective resolution of two-substituted acids by lipases has been the subject of intensive investigation due to their high value as products or intermediates in the synthesis of pharmaceuticals or herbicides [2] .
Naproxen (2-(6-methoxy-2-naphthyl)-propionic acid) is widely used as a drug for human connective tissue diseases [3] . The (S)-enantiomer is 28-fold more active than the corresponding (R)-enantiomer, warranting elimination of the unwanted enantiomer from the formulation. Hence, this compound is a suitable commercial candidate for demonstration of enzymatic resolution to provide a single enantiomer compound.
However, for a resolution process to be valuable, it must have a high selectivity. Therefore, for a commercial process it is important to determine the enantiomeric ratio (E) for the process. E is the parameter that is characteristic of both the enantioselectivity of a particular enzyme and the degree of conversion. E is calculated using the following equation:
Enantiomeric excess (ee) is determined by the following equations:
and conversion During this study a rapid small scale (1 ml) reaction method was used to screen for biocatalysts for the identification of a suitable hydrolytic enzyme for the enantiomeric resolution of (R,S)-naproxen which would ideally have an ee of 98%, an E of >100 and substrate conversion in excess of 40% of the racemate [4] .
Materials and methods

Chemicals
Esterase/lipase CloneZyme kit was obtained from Diversa (CA, USA), three lipase/esterase kits from Fluka Chemie (AG Buchs), Chirazyme kit (Boehringer Mannheim) and a Chiroscreen EH kit (Altus Biologics Inc. Cambridge, USA). A variety of enzymes were kindly donated by various suppliers such as NOVO Nordisk (Denmark), Amano (Japan), Sigma Chemical Co (St Louis, USA) Nagase (Japan), and Biocatalysts (UK). (S)-Naproxen was obtained from Sigma Chemical Co (St Louis, USA) and all other chemicals were of analytical or of reagent grade.
Analytical methods
All sample analyses were performed by HPLC. The percentage m/m was determined using a 25 cm C18 ODS 2 column eluted isocratically using a mixture of 70% acetonitrile and 30% buffer (made up of water and 0.1% phosphoric acid). R/S ratios were determined on an (S-S)-Whelk/0/ 25 cm column run isocratically with an eluent mixture of hexane:ethanol:acetic acid (95:5:0.5).
Preparation of racemic naproxen
In our laboratories the substrate, racemic naproxen ester, was synthesised by racemisation of (S)-naproxen, followed by esterification. The racemate was prepared as follows: Ethanol (95%, 200 ml) was added to a 500 ml round bottom three-necked flask equipped with a reflux condenser and two stoppers, containing (S)-naproxen (10.21 g, 0.0443 mol). Sodium hydroxide (20.48 g, 0.512 mol) was added to the flask and the resulting mixture was refluxed at ∼80 • C over 5 days. After this period, the mixture was cooled to ∼0 • C in an ice bath and acidified to pH 2 with dilute sulphuric acid (∼170 ml of a 2 M stock solution). The acidic mixture was extracted with diethyl ether (3×250 ml). The combined ethereal layers were evaporated and the remaining brown solid residue was washed with water (∼250 ml) and chloroform (4 × 250 ml). The combined organic layers were dried over anhydrous MgSO 4 , and the chloroform was removed under vacuum to yield a beige solid (10.25 g, 0.0445 mol) that was identified to be (R,S)-naproxen by HPLC.
Esterification of naproxen
(R,S)-Naproxen (5 g) was suspended in methanol (∼80 ml). Chlorine gas was bubbled into the reaction by evolution from NH 4 Cl (8 g) in H 2 SO 4 (∼40 ml). The reaction was completed over 2 h at room temperature, by which time all the solids were dissolved. The reaction was confirmed by TLC using hexane:ethyl acetate (9:1) as mobile phase. Ether (100 ml) and 10% NaHCO 3 (100 ml) were added, and the ether layer was extracted and washed once with H 2 O (100 ml). The organic phase was dried over MgSO 4 , decanted, and evaporated to leave a solid of 4.8 g. The reaction was conducted in methanol or ethanol to yield the methyl ester or the ethyl ester respectively, as determined by HPLC.
Biocatalytic hydrolysis of (R,S)-naproxen ethyl ester
Reactions were performed (except where stated otherwise) in 1 ml PEG/acetate buffer pH 5 (enzymes with lipase activity), or in MOPS buffer pH 7 (enzymes with esterase activity). (R,S)-Naproxen ethyl ester (NEE) (50 mg) was used as substrate and the reaction incubated at 37 • C for 4 h. The reactions were stopped with 2 ml MeCN, filtered through cotton wool, and analysed by HPLC to determine the percentage m/m and R/S ratio.
These reaction conditions were applied to a wide variety of commercial enzyme preparations: Lipolase 100T, Lipomax CXT, Lipase PS (Pseudomonas cepacia), and Lipase AY (Candida cylindracea) (Amano); Candida antarctica lipase (Sigma); Lillipase (Nagase); Palatase, NOVO 388, NOVO 398, NOVO 868 and NOVO 525 (NOVO Nordisk); Chirazyme Kit (Boehringer Mannheim); Lipase from Chromobact. viscosum and Candida cylindracea (Biocatalysts); Hog-liver esterase (Boehringer 104698); Altus Chiro-CLEC; and Fluka lipases and esterases (listed in Table 1 ). However, for the Chiroscreen and Clonezyme kits, the buffers and instructions supplied with the kits were followed.
Reaction optimisation by statistically designed experiments
Eight enzymes were found to have selectivity for production of (S)-naproxen (ee > 10% S) from the hydrolysis of NEE: NOVO 388; NOVO 398; Boehringer hog-liver esterase; Aspergillus niger (Fluka 62294); Mucor miehei (Fluka 62298); Aspergillus oryzae (Fluka 62285); ESL001-01 (Batch 6Z); and ChiroCLEC-CR. The optimisation of ChiroCLEC-CR was extensive and will be described elsewhere. Further evaluation of the other seven enzymes was performed as a statistically designed experiment using a 0.5 × 2 4 factorial design with duplicates and two midpoints.
The final volumes of the reactions were 1 ml. The reaction temperature was maintained at 37 • C (except for ESL001-01 which was 70 • C) and the stirring speed at 750 rpm for 4 h. The variables were: pH 5 and 9 (pH 7 midpoint); PEG: 20 and 50% (35% midpoint); racemic substrate (NEE): 2 and The different substrate concentrations investigated were 20 mg (2%), 60 mg (6%) and 100 mg (10%). Generally 1 mg/ml lyophilised enzyme was added as biocatalyst, while 50 l/ml of NOVO 388 and 398 and 100 l/ml of Boehringer hog-liver esterase liquid preparations were used.
Results
Initial screening of the commercial enzymes
Through screening experiments, eight enzymes were identified as having satisfactory activities for the hydrolysis of naproxen ethyl ester to naproxen (Table 2) , the other enzymes had either low activity, poor enantioselectivity, or the opposite enantioselectivity to that desired. Of particular interest, Altus 9 (ChiroCLEC-CR) gave the required enantioselectivity (ee > 98%), an activity of 0.33 g/g/h and an enantiomeric ratio (E) of 397, while ESL001-01 from the CloneZyme library (Diversa) provided an activity of 11.3 g/g/h, an R/S ratio (ee) of 81% (S) and enantiomeric ratio (E) of 16.3. 
Statistically designed experiments
Subsequent reaction optimisation was performed through statistically designed experiments using Design-Ease (Stat-Ease Inc., USA). A 0.5 × 2 n−1 ; n = 5 factoral design (with duplicates and two midpoints) was applied. The results for the individual enzymes were as such:
(a) NOVO 388: The highest activity obtained was 38.8 g/l/h at pH = 9 in 20% PEG and with 10% w/v substrate, while the ee was 13% (S) ( Table 3 ). The substrate concentration had no effect, but there were complex interactions between PEG, pH and DMSO. Conversly, the highest ee (38% (S)) was achieved under more acidic conditions at pH 5, 20% PEG and 2% w/v substrate, indicating that acidity was an important factor. (b) NOVO 398: The highest activity was obtained using similar conditions to those for NOVO 388. Although the activity was lower (16.9 g/l/h) it gave a superior ee of 70.6% (S). Reducing the pH to 5, and the substrate to 2% reduced the ee to only 57.6% (S). Although pH and PEG had some influence on activity, substrate concentration had a greater effect. (c) Boehringer hog-liver esterase: As was the case with NOVO 388 and 398, the best activity was at pH 9; 20% PEG; 10% substrate and no DMSO. This result of 8.2 g/l/h was much higher than any of the other reaction medium combinations but gave an ee of only 24% (S). A higher ee (33% (S)) was obtained at pH 5; 20% PEG; 2% substrate and no DMSO, but the activity decreased to 2 g/l/h. The substrate concentration did not seem to have any effect on the activity within the range investigated. PEG and DMSO had a negative influence on the higher activities possible at pH 9. (d) Aspergillus niger (Fluka): The PEG concentration had a large negative influence on the enzyme activity and the lowest PEG concentration was more favourable. A high substrate concentration (10%) had negligible influence under alkaline conditions, but had a larger influence under acidic conditions. The highest activities (0.32 g/g/h) were obtained for pH 5 and 9 with 10% substrate and a low PEG concentration (Table 3) . At pH 9 only 7% (S) ee was achieved, while at pH 5 the reaction gave an ee of 43.4% (S). DMSO had very little impact on the activity. (e) Mucor miehei lipase: DMSO had a slightly negative effect. Although the pH did not influence activity (0.36 g/g/h), it did influence the enantioselectivity, with an ee of 10% (S) at pH 9 and 27.8% (S) at pH 5. The Fig. 1 . Interactions that were significant for activity of ESL001-01. Addition of DMSO had a negative effect on activity (a) and from the interaction of pH and PEG it was clear that low PEG concentration and high pH gave the highest activity (b and c).
highest activity was obtained at low PEG concentration and high substrate concentration (Table 3 ). (f) Aspergillus oryzae lipase: the substrate concentration had a strongly positive effect on activity. The highest Table 2 . The conversions are in terms of (R,S)-naproxen and therefore a maximum of 50% is achievable.
activity was 0.56 g/g/h using a pH of 9, 20% PEG, 10% substrate and no DMSO. The ee was 68% (S). The study revealed a detrimental influence of solvents such as DMSO and PEG on the rate of conversion by this lipase (Table 3) . (g) ESL001-01: According to the results of these experiments, the substrate concentration had no effect within the range investigated. The presence of DMSO diminished activity (Fig. 1) , and it was clear that low PEG concentration at high pH gave the highest activity. The highest activity was obtained using pH 9, 20% PEG, no DMSO and 10% substrate was 1.5 g/g/h ( Table 3) . The interaction between PEG, pH and DMSO is shown in Fig. 1c .
A summary of the improvements of the biocatalytic reactions with the selected enzymes through statistically designed experiments is shown in Table 4 , where it is obvious that although dramatic improvements could be made in activity through modification of the reaction conditions, improvements to ee were far harder to achieve. The highest enantiomeric ratios (E) achieved in this study are presented in Table 5 .
Discussion
In this study, most of the available commercial lipases and esterases were screened for the enantioselective hydrolysis of racemic naproxen esters to yield (S)-naproxen. The only enzyme which gave excellent conversions of the racemic naproxen with an E value of >100 and enantioselectivity of >99% (S) was ChiroCLEC-CR (a crosslinked lipase from Candida cylindracea).
Seven other enzymes investigated in the present study gave acceptable activities, and hence the influence of reaction conditions was investigated using a statistically designed protocol in order to improve the enantiomeric ratio. From this selection only ESL001-01 gave an ee close to the desired minimum, but only a low conversion was achieved.
Generally the pH and substrate concentrations had the greatest influence on activity (as noted previously [5] ). The addition of PEG (above 20%) or DMSO as substrate dissolution agents was counterproductive in all cases.
Other groups have been investigating biocatalytic naproxen resolution. Xin et al [6] used a Candida rugosa lipase in comparative investigations of hydrolysis between an aqueous and an aqueous-organic biphasic system for enantiomeric resolution of (S)-(+) naproxen. In the biphasic system a 42% conversion with 93% ee product was achieved providing an E of approximately 50 in a trapped aqueous-organic solvent biphasic continuous reactor. Xin et al [7] also found that naproxen ester hydrolysis by a lipase in water-saturated organic solvent could be improved by linking it to a photo-hydrolytic reaction of methanol product to drive the reaction forward, but although the ee was good, only 25% conversion was achieved. Interestingly Chang et al [8] used a naproxen 2,2,2-trifluoroethyl thioester as substrate for lipase-mediated dynamic hydrolytic resolution in isooctane. Zhang et al [9] have recently demonstrated a Bacillus strain whole cell system capable of providing (R)-naproxen at 86% ee and 40-50% conversion from the ethyl ester racemate; while previous studies had discovered a Bacillus strain that preferentially generated the S-enantiomer [10] .
The hydrolytic route has not been the only successful application of lipases in the resolution of naproxen racemates. Wu and Liu [11] achieved an excellent E of 1200 by addition of small amounts of n-butanol to the organic solvent (isooctane) during lipase-mediated esterification of naproxen, but excess alcohol dramatically reduced the enantioselectivity of the reaction. Cui et al [12] achieved an ee of approximately 100% with 33.5% conversion (over 11 days) through lipase-catalysed esterification of racemic naproxen in organic solvent. Chang et al. [13, 14] used an enzymatic process for the preparation of (S)-naproxen ester in cyclohexane. Lipase MY and C. rugosa both gave an E of >100, while addition of the small quantities of water in combination with surfactant bis(2-ethylhexyl)sodiumsulfosuccinate (AOT) to the cyclohexane dramatically improved the catalytic rate.
In the present study, it was observed that there was considerable variability in activity on NEE between commercial lipase preparations derived from the same species of organism (data not shown). The variability of enantioselectivity between lipase preparations generated from the same organism may often be due to the presence of variable quantities of contaminating enzymes with over-lapping activities (e.g. C. cylindracea lipase [15] [16] [17] .
An alternative hydrolysis approach is to use not the ester of naproxen but its nitrile as a substrate for enzymatic enantiomeric resolution. This would involve a nitrilase or combination nitrile hydratase and amidase system. Layh et al [18] discovered bacteria that could hydrolyse the naproxen nitrile, providing 99% (S)-naproxen with 40% conversion of the racemic substrate.
These studies demonstrate the versatility of enzymes in organic synthesis, allowing exploration of various synthetic routes and reaction media. The increasing selection of commercially available enzymes will enable rapid expansion of commercial syntheses involving biocatalysis. In the present study it was shown that the use of both novel and known, purified enzymes can provide suitable activities for enantiomeric resolution of a commercial chiral product.
